The dynamic interaction of chromatin-binding proteins with their nucleosome binding sites is an important element in regulating the structure and function of chromatin in living cells. Here we review the major factors regulating the intranuclear mobility and chromatin binding of the linker histone H1, the most abundant family of nucleosome-binding proteins. The information available reveals that multiple and diverse factors modulate the interaction of H1 with chromatin at both a local and global level. This multifaceted mode of modulating the interaction of H1 with nucleosomes is part of the mechanism that regulates the dynamics of the chromatin fiber in living cells.
The dynamic properties of the chromatin fiber result from the action of numerous nuclear proteins that modulate its structure and function. One of the most abundant and ubiquitous groups of chromatin-binding proteins is the histone H1 family of proteins. H1 proteins are viewed as major structural components of the chromatin fiber that are important in many chromatin-related activities. Numerous in vitro experiments have demonstrated that the interaction of H1 with nucleosome stabilizes the compact, higher-order chromatin structure and inhibits DNA-dependent activities such as transcription and replication. Histone H1 restricts nucleosome mobility, impedes the ability of regulatory factors to access their chromatin targets and inhibits the action of chromatin-remodeling complexes. The properties and function of these proteins have been extensively studied and reviewed in refs. 1-12. More recent imaging studies of the interaction of H1 with chromatin in living cells and genetic analysis of various organisms in which H1 genes have been knocked out provide new information on the cellular function and mechanism of action of H1 (ref. 2) . The imaging experiments reveal that H1 molecules are not stably associated with specific sites. In the living nucleus, H1 molecules are in constant motion and continuously exchange among chromatin binding sites 13, 14 . These and additional observations suggest that H1 molecules function within the framework of a dynamic network of chromatin-binding proteins that continuously compete for chromatin binding sites 2, [15] [16] [17] [18] [19] .
Genetic experiments in several organisms, including yeast and mice [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , provide a new view on the biological function of H1 (ref. 2) . Analysis of mice lacking various combinations of histone H1 variants has suggested that there is a high degree of functional redundancy among the variants and that the correct overall amount of H1, rather than the correct relative amounts of the various variants, is the most important factor in H1 function. The transcription profiles of wild-type and H1-knockout cells are very similar, indicating that loss of H1 affects only a limited number of genes and that H1 is not a general repressor of transcription (reviewed in ref. 2) . Strikingly, in embryonic stem cells, a 50% reduction in H1 shortens the nucleosomal repeat but affects the expression of only 29 genes, reinforcing the notion that H1 proteins are not major global regulators of transcription 2, 29 . Yet, a two-fold reduction in H1 content is not compatible with normal development, causing mutant embryos to die in midgestation with multiple defects 27, 29 .
Phenotypic analyses of H1 knockouts provide information on the biological role of histone H1; the dynamic behavior of H1 intimates the underlying molecular mechanisms leading to the observed phenotypes 2 . Thus, studies on the factors that regulate the interaction of histone H1 with chromatin not only provide insights into mechanisms that regulate H1 function, but also are relevant to understanding the role of chromatin dynamics in regulating gene expression 30 . Here, we discuss the factors that determine the chromatin-binding characteristics and the dynamic behavior of histone H1 in living cells.
Histone H1 dynamics in living cells
The dynamic properties of H1 are monitored by photobleaching experiments such as fluorescence recovery after photobleaching (FRAP; Fig. 1 ) or fluorescence loss in photobleaching (FLIP) that follow the mobility of H1 labeled with green fluorescent protein (GFP) in living cells, in real time. In the FRAP technique, a small area of a nucleus is irreversibly bleached with a laser beam and the rate at which the fluorescent signal in the photobleached area recovers is quantified. The rate of fluorescence recovery is indicative of the rate at which fluorescent molecules exchange with the photobleached molecules. The latter is directly proportional to the rate at which the molecules diffuse while migrating throughout the nucleus and inversely proportional to the time that the molecules reside at an immobile binding site such as chromatin. For H1 and other chromatin-binding proteins, the contribution of diffusion to the rate of recovery is negligible, and the observed fluorescence recovery rate ('mobility') is a direct reflection of their chromatin interactions, that is, their residence time at a particular chromatin binding site. Although in some experiments the position of the GFP tag in the H1 molecules affects its kinetic behavior 31 , several control experiments, including nuclear localization, in vitro binding assays, micrococcal nuclease digestion and salt extraction, have indicated that the GFP moiety does not substantially alter the interaction of H1 with chromatin 13, 32 . Together with recent analyses of the in vivo and in vitro binding of H1 point mutants 33 , the data suggest that photobleaching studies of H1-GFP fusion proteins are useful for understanding the factors that regulate the interaction of H1 with chromatin.
In living cells, H1 is mobile and the interaction of a specific H1 molecule with a particular nucleosome is transient. H1 molecules are continuously exchanged among chromatin binding sites in a 'stop-andgo' process in which H1 stays on a binding site for a limited time, then dissociates and moves rapidly and randomly to another binding site 13, 14 . For H1 and other chromatin-binding proteins, the time spent in transit between nucleosomes (the 'go' stage) is substantially shorter than the time spent bound to a nucleosome. Thus, the observed mobility is a direct reflection of the strength of binding of H1 to chromatin [33] [34] [35] . Photobleaching results with mutants of histone H1 and other chromatin-binding proteins fully support this concept 4, 16, 17, 35 .
In vivo cell-imaging studies have revealed that most of the time, most histone H1 molecules are associated with nucleosomes, and from a global view, histone H1 is continuously bound to chromatin. However, at the local level of the single nucleosome, the interaction of an H1 molecule with its binding sites is highly dynamic. H1 molecules constantly turn over on nucleosomes and continuously move throughout the entire nucleus. The movement of H1 in the nucleus is governed mostly by its interactions with chromatin. Compared to nucleosomal histones, H1 is highly mobile; the mean residence time of an H1 molecule at a binding site has been estimated to be approximately 3 minutes, whereas that of a core histone is several hours. However, compared to most other nuclear proteins, H1 is moving slowly, and its chromatin residence time is substantially longer than those of most other chromatin-binding proteins investigated so far, except Suv39h1 (refs. 17, 36) . For comparison, a non-chromatin-bound control such as GFP has an apparent mean residence time of less than 1 second, and fast-moving chromatinbinding proteins such as transcription factors or high-mobility group (HMG) proteins have mean residence times of 5-25 seconds 17 .
Studies on H1 mobility in various cell types exposed to various treatments have suggested that the dynamic interaction of H1 with chromatin is responsive to both internal and external regulatory signals. Modulation of H1-chromatin interactions seems to be one of the earliest events leading directly to changes in the structure and activity of the chromatin fiber. Photobleaching techniques are sensitive enough to detect small changes in protein mobility and therefore are powerful tools to explore the factors and mechanisms that regulate the interaction of H1 with chromatin in living cells.
Factors affecting the mobility of H1 in living cells
The key factors known to affect the interaction of H1 with chromatin in vitro also seem to be the major determinants of the chromatin residence time of H1 in living cells: (i) the structure of the H1 molecule, (ii) post-translational modifications of the H1 molecule or its chromatin binding site, and (iii) competition for chromatin binding sites.
Multiple chromatin-binding sites in H1 proteins. The typical structure of most somatic H1s consists of a globular, winged-helix domain flanked by positively charged regions (Fig. 2) . The charge density and the number of hydrophobic amino acid residues in the unstructured flanks vary somewhat; these are most unusual in variants expressed in a developmental stage-specific or tissue-specific manner. Examples include H1 0 , which is most abundant in terminally differentiated tissues, the oocyte-specific H1oo, the testis-specific H1t and the Xenopus laevis B4 protein. Notable exceptions to the typical structure are Tetrahymena thermophila HHO1, which contains only the C-terminal region, and Saccharomyces cerevisiae Hho1p, which contains two globular domains (Fig. 2) . A discussion of the functional equivalency of the various H1s is beyond the scope of this review; however, these structural differences need to be taken into account when considering the major factors governing the dynamic properties of H1 molecules in living cells.
Vertebrate cells contain up to eight distinct molecular species (variants) of H1, each encoded by a specific gene, which are expressed in a tissue-, differentiation-and cell replication-specific manner 6 . Some, but not all, FRAP analyses have detected differences in the affinities of the various H1 variants for chromatin binding sites 13, 33, [37] [38] [39] [40] . The biggest differences in FRAP-recovery measurements were observed among the oocyte-specific variant H1oo-GFP and the somatic variants H1 0 -GFP 38 and H1c-GFP 39 . Differences in H1 variant mobility were seen in both oocytes and somatic cells, an indication that the binding characteristics of each H1 originate from an intrinsic property of the histone variant, rather than only from the cellular chromatin 38 .
As originally predicted from sequences 41 and later demonstrated by in vitro experiments 42 , the positively charged C-terminal domain is a major determinant of H1's chromatin residence time in living cells. Deletion of the C terminus of H1 0 , H1c or H1a leads to a ten-fold reduction in the chromatin residence time of each of these variants 14, 17, 31 . Surprisingly, its high positive-charge density is not the crucial contribution of the C terminus to H1-chromatin interactions. Detailed FRAP analysis of H1a mutants points to the conserved S/TPXK motifs (where X is any residue) present in the C-terminal halves of somatic H1s as important elements for chromatin interactions. (1) is irreversibly photobleached with a laser beam (2) , and the recovery of the fluorescence intensity due to entry of non-photobleached molecules (orange arrows) is continuously monitored (3 and 4). (b) Hypothetical plots for fast and slow fluorescence recovery (high and low mobility, respectively). The rate of recovery is inversely related to the time that a protein is bound to chromatin 13, 66 .
In vitro studies had already implicated these motifs as important for DNA binding and chromatin condensation 43 . FRAP analysis demonstrated that, in vivo, a single substitution of Thr152 with glutamate reduces the binding of H1 to chromatin to the same extent as does deletion of all of the 70 C-terminal residues, from position 152 to 222 (ref. 31) . Further analysis of the effects of mutations at Thr152 and Ser183 showed the complexity and stringency of correct H1-chromatin interactions. Replacement of either Thr152 or Ser183 (but not both) with lysine increased chromatin binding, whereas replacement of both Thr152 and Ser183 with lysine, alanine or glutamate decreased binding, as measured by FRAP analysis in living cells. Mutations in the S/TPXK motif or phosphorylation at these sites (see below) may disrupt their ability to form β-turn motifs and bind the minor DNA groove 44 . Additional evidence that the structure of the C-terminal half is an important determinant for chromatin binding comes from comparative FRAP analysis of C-terminal domain swap mutants 31, 37 . The contribution of the N-terminal flank to H1 binding has not been studied in detail; however, deletion of this region reduces the binding of the protein to chromatin 31 .
The globular domain seems to be the key region that regulates the binding of H1 to native chromatin. Analysis of the kinetic behavior of a battery of point mutants in this domain has identified several residues that are crucial for proper binding to chromatin. By mapping the positions of these residues onto the atomic structure of the H5 globular domain, Brown et al. have defined the nucleosome-interaction surface of the H1 globular domain in the chromatin of living cells 33 . Using this elegant approach, they have found that the globular region interacts with the nucleosomes through two distinct binding sites formed by several spatially clustered positively charged residues. One site interacts with one side of the DNA approximately one helical turn away from the dyad axis, whereas the second site interacts with one of the linker DNA strands approximately 15 base pairs from the end of the 147-base-pair nucleosomal core particle DNA (that is, it binds the end of chromatosomal DNA). These results are fully compatible with many previous in vitro studies and are among the first to provide detailed information on the interaction of a structural nuclear protein with unperturbed, native chromatin in living cells.
Thus, the unique structural features of H1 lead to a complex, multifaceted type of chromatin binding. In living cells, histone H1 interacts with chromatin through multiple sites, and deletions or modifications of a key site weakens, but does not abolish, its interaction. The high positive charge of the C-terminal region contributes to the strength of binding, but the interactions of this H1 domain with chromatin are governed by the amino acid sequence surrounding key residues. Much attention has been focused on S/TPXK motifs; however, the C-terminal domain has a relatively high content of prolines, and the positions of valine, isoleucine and leucine residues along the polypeptide chain are conserved. Given the known conformational effects of these hydrophobic residues, it is likely that they also have a role in the proper binding of H1 to chromatin. On the basis of all the information available from studies in living cells, Brown et al. 33 suggest that the interaction of H1 with chromatin proceeds in several steps (Fig. 3) . Initially, the C terminus of H1 binds weakly and nonspecifically to the linker DNA, mainly through charge interactions. This binding facilitates a specific and precise placement of the globular domain at the nucleosomal dyad axis, which stabilizes the nucleosome and leads to conformational changes in the C-and N-terminal flanks. These changes reposition the flanks, affect the nucleosomal repeat 12 and stabilize higher-order chromatin structures. 33 , the binding of H1 to chromatin is a multistep process initiated by a chargebased, low-affinity interaction of the C-terminal domain with the linker DNA, allowing the globular domain to 'scan' the nucleosome core for optimum placement. Proper placement of the globular domain induces conformational changes in the H1 flanks and leads to structural changes in chromatin.
Post-translational modifications in H1 and chromatin. Numerous biochemical and tissue-culture studies connect the reversible phosphorylation of H1 with various cellular events, including the progression of the cell cycle, chromatin decondensation and remodeling, replication and transcription 4, 6, 11, 45, 46 . Cell cycle-related chromatin decondensation and phosphorylation of H1 is associated with changes in the intranuclear mobility of the protein 47, 48 . Thus, activation of H1 kinases increases, whereas inhibition of kinases decreases, H1 mobility in living cells 14, 48 . Mutation of amino acid residues known to be phosphorylation targets decreases the mobility of H1 and abolishes the correlation between H1 mobility and the intracellular activity of kinases 48 . The Tetrahymena HHO1 lacks the H1 globular region and its N-terminal flank (Fig. 2) and therefore can serve as a model for events associated with the C-terminal domain of H1s. Although HHO1 is not necessary for viability, loss of this protein reduces the compaction of chromatin and alters gene expression. Analysis of multiple HHO1 mutant proteins suggests that phosphorylation of serines or threonines creates a patch of negative charges that reduces the binding of H1 to chromatin 49, 50 .
FRAP experiments have also demonstrated that exposure of cells to histone deacetylase inhibitors reduces the binding of H1 to chromatin 13 . As deacetylase inhibitors such as trichostatin A lead to acetylation of the tails of core histones but not of H1, this increased dynamic exchange of H1 probably results from changes in chromatin (that is, in the H1-binding sites). The histone deacetylase-induced increase in H1 mobility could be due either to altered docking of H1 to nucleosomes containing acetylated histone tails or to acetylation-induced alterations in chromatin structure. As acetylation decreases the binding of H1 both in heterochromatin and in the less compact euchromatin 13 , it is possible that at least part of the increase in H1 mobility results from changes in the nucleosome.
In considering various mechanisms responsible for altering the mobility of H1, it is important to realize that the same cellular events that lead to modification of H1 also modify other nuclear components, including the core histones. In most cases, it is difficult to distinguish between the effects that are due to changes in H1 itself and those that are due to changes in the H1 binding target. As discussed above, the increase in H1 mobility upon treatment of cells with histone deacetylase inhibitors can be attributed to changes occurring mainly in chromatin, as so far only a single study has reported that H1 is acetylated 51 . In contrast, as specific point mutations abolish the effects of phosphorylation on H1 mobility, it is likely that these phosphorylation effects are due mostly to changes in the H1 molecule itself.
The mobility of H1 may also be modulated by its interaction with other nuclear components such as HP1. Interestingly, this interaction is modulated by post-translational modification of H1: a specific methylation increases, whereas a specific phosphorylation decreases, the interaction of HP1 with H1 (ref. 52) . HP1 is known to interact with methylated H3, and therefore these findings suggest a mechanism to preferentially target H1 to methylated chromatin. Obviously, additional modifications to the template or to H1, such as DNA methylation or H1 ubiquitination, could also affect the interaction of H1 with chromatin; however, their effects in living cells have not been yet studied. Interestingly, studies with Tetrahymena HHO1 have identified an ATP-dependent process that increases H1 mobility in living cells without affecting H1 phosphorylation 50 . It is tempting to speculate that some of the known ATP-dependent chromatin-remodeling systems have a role in the process 53 .
In summary, the dynamics and chromatin interactions of H1 are modulated by post-translational modifications to both H1 and the chromatin template (Fig. 4) . Modification-driven changes in H1 binding may reflect the synergistic effect of concurrent modifications in both H1 and chromatin. The multiplicity and continuous turnover of these modifications adds an additional layer of complexity to the dynamic interactions of H1 with chromatin.
Competition with chromatin-binding proteins. The temporary dissociation of H1 from its binding sites creates a window of opportunity for other factors to bind the vacated sites 2, 18 . Therefore, competition for overlapping chromatin-binding sites could potentially be a major determinant of H1's interaction with chromatin in living cells. Indeed, numerous in vitro studies have demonstrated that a wide range of nuclear proteins can affect the binding of H1 to chromatin. Broadly, these competitors can be subdivided into two general types: site-specific competitors that affect the binding of H1 to a specific chromatin site and non-site-specific competitors that act as general modulators of H1 binding throughout the entire chromatin fiber. Examples of site-specific modulators include HNF3, UBF, MeCP2 (studies cited in ref. 19 ) and parathymosin 54 . Individually, each of these affects H1 binding at only a few sites, but collectively, the site-specific H1 competitors could affect the binding of a sizeable fraction of the cellular H1s. One of the most studied non-site-specific competitors is the HMG superfamily of proteins. It has been known for some time that these proteins can compete with H1 for DNA binding sites [55] [56] [57] [58] .
Photobleaching studies with HMG proteins have provided experimental evidence that, in living cells, chromatin-binding proteins affect the interaction of H1 with nucleosomes. The HMG superfamily consists of three families, HMGA, HMGB and HMGN, each with a unique molecular signature and a distinct chromatin-binding motif 59, 60 . All HMGs are highly mobile and, like H1, bind only transiently to chromatin [15] [16] [17] 61 . Members of the same HMG family compete with one another for chromatin binding sites, but members of different HMG families do not cross-compete, an indication that the each family targets distinct chromatin binding sites. All HMGs tested compete with H1 in a dose-dependent fashion, a typical feature of molecular competition. The dynamic interplay between H1 and HMGs is best explained by their transient binding to chromatin. During the transient dissociation of H1 from its binding site, the rapidly moving HMGs bind the vacated site and weaken the interaction of H1 with chromatin. When members of different HMG families are mixed, they synergize the displacement of H1 from chromatin, so that the effect is larger than the sum of individual dosedependent effects 15 . The synergistic effects of HMG-H1 competition could be explained by assuming that each type of HMG competes for a distinct set of H1 binding sites.
These results demonstrate that the interaction of H1 with chromatin is modulated by the repertoire of chromatin-binding proteins in the nucleus. An increase in the cellular abundance of a sitespecific competitor would affect the mobility of only a small fraction of H1s and might not be detected by FRAP, whereas changes in the concentration of a non-site-specific or 'global' H1 competitor would be detected. Such competitive interactions could be the underlying reason for differences in the mobility of H1 molecules in different cell types 48 . These interactions may be especially important in undifferentiated cells or at early developmental stages, when the abundances of HMG proteins are relatively high 62, 63 . Indeed, the mobility of H1 is especially great in undifferentiated embryonic stem cells, suggesting that in these cells a relatively large fraction of H1 is loosely bound to chromatin or perhaps even found in an unbound state 40 . The increased mobility of H1 is required for embryonic stem cell differentiation, as an H1 mutant that binds strongly to chromatin inhibits differentiation. The decreased chromatin binding of H1 in embryonic stem cells is not necessarily due to changes in H1 itself, as the mobilities of other chromatin-binding proteins and even of core histones are greater in embryonic stem cells than in fully differentiated cells 40 . The decreased H1 chromatin residence in embryonic stem cells could result either from a yet-unidentified unique property of chromatin in these cells or from the presence of a large number of competing chromatin-binding proteins.
Thus, in living cells, H1 variants bind nucleosomes as members of a dynamic network of chromatin-binding proteins (Fig. 4) . The network includes all the H1 variants, which cross-compete, members of all three HMG families and probably many of the other chromatin-binding proteins that have been shown to bind transiently to chromatin 17 . Furthermore, the network encompasses both site-specific and non-site-specific H1 competitors. Therefore, the in vivo interaction of H1 with chromatin is continuously modulated by a stochastic process determined by kinetic factors such as the concentrations and affinities of H1 and its competitors.
Perspective
The cellular function and mechanism of action of histone H1 is one of the most perplexing aspects of chromatin biology. Fully differentiated metazoan cells contain enough H1 to bind most of the nucleosomes, and numerous in vitro 11 and gene-knockout studies indicate a role of H1 in chromatin structure 12, 24, 29 . In mice, a two-fold reduction in H1 content is not compatible with embryonic development, yet the expression of only 29 genes is markedly altered 29 ; and the data available from geneknockout experiments with living cells does not reveal an obvious role for H1 in the global regulation of transcription 2 . In fact, most of the H1 knockout results suggest that H1 variants may affect the expression of specific genes 27, 29, 64 , a finding that raises the possibility that the interaction of H1 with chromatin optimizes predetermined cell type-specific transcription patterns.
An understanding of the determinants that regulate the dynamic behavior of H1 variants in living cells may provide new insights into the cellular function and mechanism of action of H1. The information available reveals that multiple and diverse factors affect the interaction of H1 with chromatin at several levels. Reversible post-translational modifications, such as phosphorylation of a large fraction of H1s, lead to a global but temporary reduction in the association of H1 with chromatin. A network of structural proteins, such as the HMGs, continuously modulates the binding of H1 throughout the entire chromatin fiber. Changes in H1 binding at a specific site can be facilitated by changes in the concentration of a site-specific competitor, by modification of the H1 binding site or by the presence of a regulatory factor that recruits H1 to that site, such as Msx1 (ref. 65 ). This multifaceted mode of modulating the interaction of H1 with chromatin has a role in chromatin dynamics and is part of the mechanism that facilitates adequate cellular responses to the multitude of ever-changing internal and external signals to which cells are continuously exposed.
